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ABSTRACT 

The different types of precipitates which are occurred in Z -174 
precipitation hardenij^ stainless steel are detected in this present 
study.lt is found that precipitates may be of chromium and car- 
bon or copper and nickel.Precipitation conditions of different types 
of precipitates depending'on thermomechanical treatments have been 
studied also. Thermomechanical treatments given to different sam- 
ples consist of giving different percentages of rolling at different tem- 
peratures or first ageing and then giving percentages deformation 
to the aged samples. The effect of natural ageing after gi^’ing high 
percentages deformations has been studied.lt has been found that 
rolling and ageing at high temperature gives one intermetallic phase 
Cus jNi, volume percentage of which increases as the percentage defor- 
mation increases.The other types of precipitates are Cr2C.Cr3C2:Cr7C3 
and Cr23C6. Ageing at low temperature gives rise to one complex pre- 
cipitate of the type (Cr,Fe)7C3. Natural ageing is found to be very 
slow in this type of steel. Effect of different precipitate particles on the 
niicrohardness of the sample depending -en-their thermomechanica-l 
treatment has-been studied also. 

. > 

y : i ■; ‘ " ' 





Conoen:;s 


1 INTRODUCTION 1 

2 LITERATURE REVIEW 3 

2.1 Evolution of Precipitation Hardened Stainless Steels . 3 

2.1.1 Martensitic steels 4 

2.1.2 Ferritic steels 4 

2.1.3 Austenitic steel 4 

2.1.4 Controlled transformation steels 4 

2.2 Development of Controlled Transformation Stainless 

Steels 5 

2.2.1 Basis of Metallurgical Design 5 

2.3 Theoreti'cal Basis of Precipitation-Hardening 6 

2.3.1 Shape of Precipitates 6 

2.3.2 Modulated Structures 7 

2.3.3 Continuous And Discontinuous Precipitation . 8 

2.3.4 Influence of Precipitation on Mechanical Prop- 
erties 12 

^ ^ 2.4 Precipitation -Hardening)^ Stainless Steels 22 

2.4.1 The Tempering of 17-4 PH Steel 25 

2.4.2 The Formation of Alloy Carbides During Sec- 
ondary Hardening 25 

2.5 Application of 17-4PH Stainless Steels 25 

2.6 Fe-Cr-Ni Phase Diagram 26 

3 EXPERIMENTAL PROCEDURE 28 

3.1 Materials and their preparation 28 

3.2 Processing Details and Parameters 28 

3.2.1 Austenitizing 28 



3.2.2 Thermomechanical Processing 

3.3 Characterisation Techniques 

3.3.1 Electron Probe Microanalysis 

3.3.2 Scanning Electron Microscopy 

3.3.3 X-Ray Diffraction 

3.3.4 Hardness Measurement 

I 

4 RESULTS AND DISCUSSIONS 

4.1 Chemical Composition of the as Received Material . 

4.2 X-Ray Diffraction 

4.2.1 Analysis From X-Ray Data of the Sample A1 . 

4.2.2 Analysis from X-Ray Data of the sample A3 . 

4.2.3 Analysis from X-Ray Data of the sample Cl . . 

4.2.4 Analysis from X-Ray Data of the sample C3 . . 

4.2.5 Analysis from X-Ray Data of the sample Pi . . 

4.2.6 Analysis from X-Ray Data of the sample D1 

4.3 Analysis of the SEM Microstructures 

4.4 Results Obtained from Hardness Measurement .... 


5 CONCLUSIONS 



List of Tables 

2.1 Compositions of various types of precipitation hard- 
ened stainless steels 23 

2.2 Mechanical properties of various types of precipitation 

hardened stainless steels depending upon thermome- 
chanical treatment 24 

3.1 Composition of the steel as specified by MIDHANI . . 28 

3.2 Details of thermomechanical treatments given and sam- 
ple designation 30 

4.1 Standard X-ray data for possible precipitates 35 

4.2 X-Ray Analysis Table For Sample A1 37 

4.3 X-Ray Analysis Table For Sample A3 40 

4.4 X-Ray Analysis Table For Sample Cl 40 

4.5 X-Ray Analysis Table For Sample C3 42 

4.6 Comparison Of Various X-Ray Analysis Results .... 45 

4.7 Hardness Values For First Rolled And Then Aged Sam- 
ples 56 

4.8 Hardness Values For First Aged And Then Rolled Sam- 
ples 56 


ii 



List of Figures 


2.1 Diagram of a cell formation through discontinuous pre- 
cipitation at a migrating boundary 11 

2.2 Dependence of CRSS on particle size 14 

2.3 Passage of a dislocation pair through a crystal contain- 
ing ordered precipitate 16 

2.4 Effect of the presence of precipitates with lower stack- 
ing fault energy 17 

2.5 Dependence of CRSS on precipitate size according to 

Hirschand Kelly's theory 19 

2.6 Schaefffer Diagram 27 

3.1 Thermomechanical processing schedules 31 

4.1 X-Ray chart for the sample A1 36 

4.2 X-Ray chart for the sample A3 38 

4.3 X-Ray chart for the sample Cl 39 

4.4 X-Ray chart for the sample C3 41 

4.5 X-Ray chart for the sample PI 43 

4.6 X-Ray chart for the sample D1 44 

^ ^ r 4.7 X-Ray chart for the sample D1 44 

' 1 4.8 X-Ray chart for the sample D1 44 

'■■7' I 4.9 X-Ray chart for the sample D1 44 

|__ 4.10 X-Ray chart for the sample D1 44 

4.11 Microstructure of the as received sample 46 

4.12 Microstructure of the sample which is 50% rolled at 

1080°C and aged at 480°C 46 

4.13 Microstructure of the sample which is 70% rolled at 

1080°C and aged at 480°C 47 


Hi 


i 



4.14 Microstructure of the sample which is 70% rolled at 

1080°C and aged at 580°C 47 

4.15 Microstrnctnre of the sample which is 30% rolled at 

1080'’C and aged at 580°C 48 

4.16 Microstructure of the sample which is 50% rolled at 

1080°C and aged at 580°C 48 

4.17 Microstructure of the sample which is 50% rolled at 

1080°C and aged at 580"C 49 

4.18 Microstructure of the sample which is 70% rolled at 

1080°C and aged at 580^^0 49 

4.19 Microstructure of the sample which is aged at 580"C . 50 

4.20 Microstructure of the sample which is aged and rolled 

to 30% at 580°C 50 

4.21 Microstructure of the sample which is aged and rolled 

to 50% at 580°C 51 

4.22 Microstructure of the sample which is aged and rolled 

to 70% at 580°C 51 

4.23 Microstructure of the sample which is aged and rolled 

to 30% at 480°C 52 

4.24 Microstructure of the sample which is aged and rolled 

to 50% at 480°C 52 

4.25 Microstructure of the sample which is aged and rolled 

to 70% at 480°C 53 

4.26 Microstructure of the sample which is 40% rolled at 

1080°C and naturally aged 53 

4.27 Microstructure of the sample which is rolled to 50% 

and aged at 300°C 54 

4.28 Microstructure of the sample which is rolled to 30% 

and aged at 300°C 54 

4.29 Hardness Vs. Ageing Temperature Plot For The Sam- 
ples VTiich Are First Rolled And Then Aged 56 

4.30 Hradness Vs. Ageing Temperature Plot For The Sam- 
ples Which Are First Aged And Then Rolled 57 



Chaoiier 1 


INTRODUCTION 


Precipitation hardened stainless steels are important corrosion resis- 
tant structural material. These steels are used in air craft skin and mis- 
sile casings and various other similar applications. The high strength to 
weight ratio, high strength upto 600°C,high impact toughness, weld abiHty 
and machinibility makes them comparable witE streng: th Al-Li alloy s.Al- 
Li alloys suffer from variation in strength in different directions due 
to texture effect -But precipitation hardened stainless steels do not 
show such behaviour. So,these steels attract attention as an important 
material for research. 

Precipitation hardened(PH) stainless steels are of three types- l.austeniti 
2. semi - austenitic (austenite + martensite) 3.martensitic.l74PH w'hich 
is used in this present study belongs to the group of martensitic 
grades. These steels are usually solution annealed at the mill and sup- 
plied in that condition. Solution treatment temperature for this type 
of steel ranges from 1050-1100^^0. Solution treatment and air cooling 
produces martensite. Ageing is carried out by heating in the tempera- 
ture range of 450-600°C. Ageing gets completed within 18 hours. Four 
different heat treatments are used for Z-174 steels.They can be clasi- 
fied as ;- l.H 900'’F(482°C) 2.H 1025"F(552°C) 3.H 1075°F(580°C) 4.H 
1150°F(620°C). Heat treatment conditions are specified by the tem- 
perature at which the steels are heated after solution treatment and 
air cooling. Ageing improves both toughness and resistance to stress 
corrosion cracking.Properties achieved depend on the heat treatment 
condition because distribution and types of precipitate depend on 
heat treatment condition But what are the t^pes of precipitates and | J , 
how their occurence depend on thermomechanical conditions and heat 4 ' 
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treatment condition that is not studied in the previous works. | 
During ageing various types of precipitates occur depending upon 
the condition of heat treatment.Rolhng at high temperature and age- 
ing gives rise to precipitation of Cus.gNi intermetalhc phase. More and 
more Cus.gNi gets precipitated out with increasing percentage of defor- 
mation. Chromium carbides such as l.Cr 2 C 2.Cr3C2 S.CryCs 4.Cr23C6 
get precipitated during ageing. Low temperature ageing gives complex 
precipitate of the type (Cr.Fe) 7 C 3 .Due to strain field associated with 
> coherent precipitate of Cu 3 .HNi^ maximum hardness is associated wdth 
the condition of high temperature rolling and ageing. 

Knowledge of the types and condition of precipitates which are 
detected and determined in this present study will help in the further 
development associated wdth this steel. 
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Chapter 2 

LITERATURE REVIEW 


2.1 Evolution of Precipitation Hardened Stain- 
less Steels 


The most important property of high chromium stainless steels is their 
corrosion resistance. General level of mechanical properties and form- 
ing characteristics can be equalled or exceedmg by many other types 
of steels at a much lower cost. But these type of stainless steels were 
only developed for their high corrosion and oxidation resistance. The 
stainless steels are mainly used for both corrosion resisting and high 
temperature creep resisting or heat resisting application. As chromium 
content in steel increases, temperature of application also increases. For 
creep resisting application these steels are suitably alloyed to produce 
required creep strength. 

Design criteria for stainless steels can be noted as below: 




1. corrosion and oxidation resistance in the operating environment 

2. mechanical and physical properties 

3. fabrication characteristics from the point of view of both hot and 
cold working 

4. weldabihty and welding must not impair the corrosion resistance, creep 
resistance or general mechanical properties. 


Stainless steels can be classified as below. 
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2.1.1 Martensitic steels 

They contain 12 - 17% chroniium.0-4% nickel.O.l - 1.0% carbon. and 
sometimes addition of molybdenum, vanadium.niobium.aluminium and 
copper. These are aUoyed to give required tempering resistance and 
strength. Their austmitic temperature depends on allo}" content (usu- 
ally 900 - llOO^C), and high hardenability makes them martensitic air 
hardenable even in large section sizes. This gives difficulty in machin- 
ing and fabrication as the}' are frequently alloyed to produce required 
degree of tempering resistance. So.these steels are frequently tempered 
to produce required degree of ductility .toughness and precipitation 
hardening. 

2.1.2 Ferritic steels 

They contain 15 -30% chromium.low carbon no nickel and some- 
times addition of alloying elements like molybdenum. titanium or nio- 
bium.These are highly corrosion resistant, show little or no transfor- 
mation and are formable. 

2.1.3 Austenitic steel 

They contain 18 - 25% chromium with 8 - 20% nickel and low carbon 
contents. These steels are often alloyed with molybdenum.niobium or 
titanium and are predominately austenitic at all temperatures. Some 
amount of delta-ferrite may be present depending upon composi- 
tion. The austenite may have a varying degree of stability with respect 
to the formation of martensite, being transformed by cold work work 
at room temperature in some compositions. Other compositions are 
stable down to -196°C and are not transformed by the most severe 
deformation. 

2.1.4 Controlled transformation steels 

They contain 14-17% chromium, upto 7% nickel and sometimes addi- 
tions of alloying elements such as molybdenum,aluminum. copper, titanium 
etc.These are austenite at the solution-treatment temperature but the 



Ms temperature can be adjusted by various thermo-mechanical treat- 
ments so that they can be either metastable austenite or martensite 
at room temperature. Subsequent tempering produces room temper- 
ature. Subsequent tempering produces martensite. During tempering 
an age hardening reaction can be introduced. 

Precipitation hardening stainless steels are in the group of con- 
trolled transformation stainless steels. 


2.2 Development of Controlled Transformation Stain- 
less Steels 

2.2.1 Basis of Metallurgical Design 

Controlled transformation stainless steels were developed for the re- 
quirement of aircraft industry for a high strength steel which could 
be used for the skin of high speed aircraft. These steels are eas- 
ih' fabricable and weldable and maintain ifes sfrength in the welded 
condition and at temperature as high as 400°C. In order to have a 
strength/ weight ratio equivalent to highest strength of aluminium al- 
loys, it should have a minimum strength of 1100 MN/m^.This strength 
can also be achieved bv (l^abricate in heat treated condition.Cold 
’'worked ferritic or austenitic steels can produce the required strength.but 
thev would suffer from varving strength when fabricated and loose 
Strength after welding or during prolonged service at 400°C. /t;. 

Therefore these steels should be soft and ductile when in sheet form 
and then it should be uniformly hardenable after fabrication. T-his-eaaa- 
-be This can be obtained by age-hardening austenitic steels, but 
to get the required amount of strength the steel must be solution- 
treated at high temperature which is expensive. Attention was thus 
turned to an austenitic steel capable after fabrication of being trans- 
formed to martensite by a fairly low temperature heat treatment 
which would not cause any distortion. These steels must be capable 
of being strengthened by a low' temperature precipitation-hardening 
treatment of martensite. 

The basic requirements for designing these types of stainless steels 
axe [1]: 
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1. a steel with a soft austenitic structure after solution treatment 
and air cooling from temperature not exceeding llOO^C.in order 
to facihtate cold working and fabrication 

2. sufficient tempering resistance to have the strength upto the tem- 
perature of 400°C 

3. ability to introduce precipitation-hardening at temperatures be- 
low 600°C 

4. weldabihtv 

5. a low carbon content to prevent corrosion by weld-decay and to 
get maximum formability. Niobium or titanium is added to get 
maximum stabilization against weld-decay 

6. sufficient chromium for corrosion resistance 

7. a limited amount of delta ferrite to maintain high strength and 
— ^ prevent l^w^uet41ities-4n -the‘heat prevent low ductilities in the 

heat affected zone. 

2.3 Theord^ical Basis of Precipitation- Hardening 

2.3.1 Shape of Precipitates 

The main shapes of precipitates from the solid solution in age hard- 
ening alloys are fine-lamellar (usually ^disc-shaped), equiaxed(usually 
> spherical or cubic)^.atf and acicular.' 

The shape of a precipitate is determined by two rivalling factors.i.e. 

■ surface energy and elastic energy due to strain, both tending to reach 
a minimum.Since the surface energy tends to its minimum.there is a 
tendency of formation of equiaxed precipitates and of appearance of 
faceted forms with the least surface tension at all the faces. The elastic 
strain energy is the lowest with the fine lamellar precipitates. Thus the 
shape of precipitates will tend to be either equiaxed or fine lamellar 
depending on which of these two factors prevail. 

The elastic strain energy increases as the mismatch between the 
precipitate and matrix increases. '\^Tien the difference of atomic diam- 
eters of the components in a sohd solution does not exceed 3%, the 
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shape of precipitate is determined by minimum of surface energ\' and 
is close to spherical. While the difference^ 5%. the elastic strain energy 
predominates and fine lamellar or disc shaped particles occur. 

Coherent precipitates may sometimes be of acicular shape, which 
corresponds to elastic strain energy which is higher than that of disc 

shaped particles b&fr lro wer than that of disc -shaped partic but lower 

than that of the equiaxed precipitates. 

In F.C.C solid solutions. coherent lamellar precipitates are often 
located along( 10 0) plane of the matrix. This may be explained by 
— ^ an anisotropic modules of pf elasticity of such a matrixithe normal 
modules of elasticity is at its minimum along •<(1 0 0)> directions, 
i.e.^tiie deformation along these directions is at its maximum.which 
ensures the lowest strain energy. 

When an incoherent precipitate forms, tangential stresses are ab- 
sent. but normal stresses appear ahvays, since different specific volume 
of the matrix and the precipitate inevitably cause hydrostatic com- 
pression or tension[2]. 

2.3.2 Modulated Structures 

. -v As the elastic strain energy due to distortion tends to minimum, it 
can influence the mu tua l disposi tion of the precipitates. as well as their 
t t* v„s] 2 ape.Upon the precipitation from solid solution, tkis.imd€acyjQf elas- 
• tic strain energy is conducive in some alloys to the formation of so 
called modulated or periodic structures, which can be characterised by 
a regular spatial disposition of coherent precipitates spaced at definite 
distance from eabh other, this distancie being called the modulation 
period of a a structure, A. Modulation period is generally not more than 
than a few hundreds of interatomic spacing. 

In some alloys modulated structures can appear at the earhest 
stages of precipitation.for instance, during spinodal precipitation, w'hile 
in others they may appear a a -GertaiBtdfefflfte after the precipitation has 
started. As the ageing time is increased,a modulated structure may 
first become even more pronounced and then gradually transform into 
a combination of chaotically located precipitates, which usually occurs 
owing to coagulation of particles and the loss of coherency. 
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The morphology of modulated structures in various alloys can be 
different depending on the conditions of heat treatment. In some cases 
there may be thin lamellar precipitates spaced at equal distances and 
parallel to a crystal plane;in others there may be periodically disposed 
rod like precipitates forming a three dimensional network of overlap- 
ping rods which are parallel to a definite direction in the matrix .for 
example^he elastically soft LI 0 Oi direction in cubic crystals. Such 
a network of precipitates is usually seen as a “basket-mterlacking'' 
pattern. Most typical variety of modulated structure is the one formed 
by rows of cubic precipitates parallel to the II 0 01 direction of the 
cubic lattice matrix [2]. 

2.3.3 Continuous And Discontinuous Precipitation 
Continuous Precipitation 

With continuous precipitation.individual precipitates of an excess phase 
form and grow in the m -t he initial supersaturated solution. Since these 
precipitates are enriched in one of the the components. the matrix 
—^phase is relatively depleted of that component and ^ a concentration 
gradient is present in it. 

Crystals of the excess phase grow owing to common dowmhill dif- 
fusion;the flow of atoms is directed towards decreasing concentration 
and the diffusion coefficient D is positive. 

During continuous precipitation the alloying element gradually comes 
out from the matrix phase and precipitates grow in size. The matrix is 
depleted of that alloying element throughout the whole volume down 
to equilibrium concentration Ca- 

As the ageing time t with continuous precipitation increases .the 
size r of precipitate increases approximately as: 



According to microstructural features, continuous precipitation of 
a solution during ageing may be classed into general and localized. 

With general precipitation, the precipitates are uniformly distributed 
over the volume of grains. Nucleation may be either homogeneous or 
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heterogeneous (if the preferable sites of the nucleation are distributed 
uniformly throughout the bulk of the grains). 

^Mien localized precipitation occursdhe distribution of precipitates 
throughout the bulk of grains of grains is non-uniform. Precipitation is 
always heterogeneous and occurs at grain boundaries. slip bands and 
and other preferential sites [3]. 


Discontinuous Precipitation 




With discontinuous precipitation.or nodules of a two phase mixture 
Q‘i 0 nucleate and grow inside grains of the initial supersaturated 
solid solution Q's. T he a\ phase inside the cells has the same lattice 
as the initialas -phase, but its composition is an equlibrium one at 
a given temperature of(prepe ratia^ or is intermediate between initial 
and equilibrium composition. J 


Ols > Ckj -f 3 (2-2) 

The average composition of the two phase mixture a-i -f- 3 in a cell 
is the same as that of the initial solution cxg. 

During the transformation. the concentration of the initial solution 
remains all the time unchanged untiy the solution disappears fully.In a 
narrow zone between a cell and initial solution there occurs an abrupt 
jump of the concentration: from the initial concentration to inside the 
cell. 

Discontinuous precipitation is ahvays localized and starts most of- 
ten at grain boundaries. The crystal orientation of cei - phase in a cell 
differs from the initial orientation of a^- phase in the grains inside 
wTich the cell is growing. On the other hand, the orientation of phase 
in the cell is the same as in neighouring grains at the other sides of 
the boundary, where discontinuous precipitation has started.Thus,the 
motion of the front of a ceU in discontinuous precipitation towards a 
^ grain is accompanied with a reorientation of the crystal lattice of the 
‘ \ matrix phase can be regarded as the motion of an of an intergranular 
boundary towards the grain that is being consumed.The thermody- 
namic stimulas for this motion is the difference between the volume 



free energy of the initial supersaturated solution and that of the two 
phase mixture inside the cell. 

The mechanism of formation of a cell in discontinuous precipitation 
is still not clear enough. According to a theory which is based on the 
structure of the ^structure of the transformation it may be reduced to 
following. As a grain boundary migrates, a dissolved element precipi- 
tates near it in form of particles which locally pin the boundary. ’\\Ten 
migrating further. the boundary bends between precipitates and the 
later are stretched during their growth and follow the moving bound- 
ary.This process forms alternate layers of ai and 3 phase. (Fig. 2.1) 

The mechanism of growth of the precipitate can be described as 
below. The concentration of an alloying element B at the end faces 
of plates or rods of cti and 3 phase is respectively increased or re- 
duced. Discontinuous precipitation causes the components to redis- 
tribute diffusionally along the interface between the matrix and the 
cell. Discontinuous precipitation can proceed rapidly at at low temper- 
ature because of small interplate distance in the cells which decreases 
with lowering temperature of ageing. 

Magnesium alloys based on the Mg-Al-Zn system (such as GRADE 
MJ 15) and austenitic ferrous alloys(such as GRADE 36 HXTIO)show 
discontinuous precipitation. 

In ageing, discontinuous precipitation is usually avoided where pos- 
sible, since the two phase structure with incoherent precipitates that 
forms on it is coarser and respectiyely less strong than that obtained 
through common precipitation hardening which forms coherent or 
semicoherent disperse precipitates. Besides, incoherent lamellar precip- 
itates of an excess phase at grain boundaries may have an embritthng 
effect on alloys. 

Discontinuous precipitation can sometimes produce a useful effect 
if it forms a phase coherent with the matrix, such as /y- phase (of the 
NisAl type)in alloy GRADE 36 HXTIO, ageing results in the formation 
of a disperse structure and improved mechanical properties of of the 
metal [3] . ^ 
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Figure 2.1; Diagram of a cell formation through discontinuous precipitation at a 
migrating boundary 
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2.3.4 Influence of Precipitation on Mechanical Properties 

Precipitation changes both the physical and mechanical properties of 
the alloys. Theories of precipitation hardening as appeared in various 
papers can be sununerized as below. ^ 'V- 

Strengthening Due To Misfit Stresses 

The lattice is sometimes strained to give close matching across the 
interface between the matrix and the precipitate. This gives rise to 
internal strain field which hinder the field of the gliding dislocations. 

— Ji€ld-ofjLhe_glijdmg-4isk)€a.tions. Hardening from misfit is important in 
case of non-ideal G.P. zones where the solute atoms differ considerably 
in size from the solvent. The dislocation theory of strengthening from 
misfitting precipitates is suggested by Mott and Nabarro [4]. They 
suggested that for the dislocation to pass through regions of internal 
i! stressdhe average stress must be at least equal to the average internal 
li stress field. Assuming the precipitates to be spherical the CRSS for 
such a crystal can be calculated as: 

1 

T = 2G[1 - rb/va] (2.3) 

where G=the shear modulus.f=the volume fraction of the precip- | 
itate and la and r^ are the atomic radii of the matrix and precipi- 
tate respectively. If the precipitate is not spherical the result will be 
the same but with a different numerical constant. Xhow.TdLeoryv.Gaa 
also-oxpteim ^y considering the extent to which dislocation can bow 
between particles under the action of a given stress. the existence a 
critical size of dispersion for maximum hardening^, c 

Sterengthening Due to Cutting of Particles by Dislocations 

Glide dislocations are often seen [5-9] to cut through small precipi- 
tates.When a dislocation shears the precipitates, hardening may re- 
sult due to one or more of several factors.Fleischer[10, 11], pointed out 
that vaxiation of elastic moduli between the precipitate and matrix 
may be a source of strengthening.If the shear modulus of the parti- 
cle is larger than that of the matrix, an extra stress wiU be required 
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to force the dislocation through the particle. However a detailed the- 
ory considering this effect has not been developed. The slip planes in 
the particle may not be continuous with those in the matrix. Shp can 
continue in the particle by creating jogs [12] or nucleating seperate 
interface dislocations[13].So.in both the cases increased stress is re- 
quired to cause plastic flowjx^ to occur. When the dislocation cuts 
the precipitate theiFe-4s-^fe€4pitate there is an increase in precipitate- 
matrix interface area. So additional work in the form of applied stress 
whose magnitude is determined by surface area per unit area of the 
interface, must be done to force the dislocation through done to force — 
the-disloeatitDn through the precipitate. Coherent precipitate with low 
surface energy can easily be sheared. Non- coherent precipitates have 
high surface energy and cannot be easily sheared. 


Strengthening With Ordered Precipitate 


The moving dislocation can either cut or by pass precipitate parti- 
cles. The changes in CRSS due to coherent particles shows dependence 
on particle size for a constant volume fraction of precipitate accord- 
ing to Fig. 2. 2. Dislocation intersection mechanism changes from cut- 
ting to by-pass at a critical size. If the coherent ordered precipitate 
have no elastic strain field around them.only the cutting mechanism 
is known to be operative irrespective of the particle size. Gerold and 
Haberkorn[14] calculated the strengthening due to coherency strain 
and obtained the expression: 


T = 3G€^^\Rf/bY^^ (2.4) 

I where e= constrained lattice strain.R== the mean particle radius 
and b= the Burgers vector. 

Another source of strengthening lies in the fact that dislocation 
move in pairs, thus creating antiphase boundaries (APB), if the parti- 
cles posses^ong range order. Under stress the first dislocation sees more 
of APB as result of bowing between particles(Fig.2.3).The second dis- 
location is generally straight. Strengthening occurs due to difference in 
the amount of APB seen by the first and second dislocations. The sec- 
ond dislocation wall be pulled forward the APB energy, E, of the pax- 
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CUTTING 



BiftTTCLE SZE 


Figure 2.2: Dependence of CRSS on particle size 



tide it^cuts by a force equal to Ef.Tbe force on the first dislocation is 
^^dhus 2jb+Ef.From this CRSS can be calculated and is given by [15]: 

_ fE 

6 r >'/2 ' 2 h - 

where U=line tension of the dislocation and A/ is a constant which 
depends on the geometrical distribution of the particles.The above 
equation assumes that APB eaergA' is the equation assumes hhat A^ 
energy is the only resistance to dislocation motion.lt is reasonable to 
believe in any case that strengthening in alloys with ordered particles 
is mainly due to either of the APB energy and strain fields or both. 
Large ordered precipitate particles are again by passed and when this 
happens a transition’ occurs from pair to single dislocation flo%v. 

Stacking Fault Strengthening ^5F S} 

Hirsch and Kelly[16] have proposed another mechanism of strengthen- 
ing in a precipitation system based on a difference in the SFEs between 
the matrix and the precipitate. The addition of solute atoms in metals 
alter the SFEs. If the distribution of the solute is not uniform.the dis- 
location will be attracted towards those regions where the SFE and 
hence the dislocation energy is lower. If an alloy has segfeig ated. into 
zones and if the SFE in the zone is low'er than that in the matrix. then 
a dislocation wdll tend to take the form showm in Fig. 2. 4 so as to pass 
through as many particles as possible. Work must then be done to pull 
aw'ay the dislocation from the particles and this will increase the yield 
stress. If the SFE is higher in the precipitate then the dislocation is 
repelled by them and avoids passing through them as far as possible. 

The stress needed to move a dislocation in such an alloy can be 
calculated from:(l)the work done by the elastic force per unit length 
of the dislocation when the seperation of partial dislocation changes 
from w'l to w ’-2 and (2) the force required to move a dislocation from 
the precipitate. The yield stress is found to depend on the relative sizes 
of the width of the extended dislocation and the particles in the slip 
plane. The following cases will be considered: 

1. when the average diameter, 2r, of the section of the particle in 

15 . 


(2.5) 






the slip plane is greater than the two stacking stacking fault 
widths, the CRSS is given by 


r a (2.6) 

where R is the radius of the particle, 

2. w'here 2r is less than the width W 2 , 

r a (2.7) 

3. in the intermediate case i.e-.for W 2 < 2r < 2W where W is the 
average stacking fault width.the model predicts that is almost in- 
dependent of R but proportional to However "with increasing 
R in this range the interaction energy between the particle and 
dislocation increases and consequntly r exhibits a slight increase 
with increasing R.The variation of r with r for a given f is shown 
in Fig. 2. 5. At very small values of 2R,r abruptly decreases to 
zero. 

The yield stress of a precipitation hardened alloy, the strength of 
which is solely due to stacking fault effect, should vary with R for 
a constant fraction of precipitates and at a constant temperature 
as follows :at small particle sizes.2R < (6f/7r)^/^W2, no strengthen- 
ing will be observed. Above this value of R the yield stress increases 
with increasing value of R (yield stress is proportional to R^^^ )until 
2R (37r/8)w2. Beyond this limit, yield stress will increase rather slowly 
to a maximum which will occur somewhere between 2R=(37r/8)w2 and 
2R wq.For values of 2R > wq.the yield stress decrasses as R“R^. The 
maximum value of yield stress depends on the difference in the SFEs 
in the matrix and the precipitate. This effect is therefore important 
in the matrices of high SFE such as A1 and Ni containg precipitate 
particles. 

Another important aspect of the influence of stacking faults is 
borne out by studies[17-22] on austenitic steels alloyed with some 
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amount of Nb.V.Ti.Ta etc. Precipitation of carbides is found to be ac- 
companied by the nucleation and growth of stacking faults. Silcock 
and Tustall[20] found, when investigating precipitation of NbC in a 
17/12 steel that the extrinsic type of stacking fault bounded by a 
Frank and-.a-Schockley partial dislocation are nucleated. The presence 
of such extended stacking faults and the extrinsic faults contribute in 
some measure to the overall strengthening. 


Yield Stress of an Alloy Containing Nondeforming Particles 

Large incoherent precipitates cannot be sheared by the dislocation 
because of extensive increase in the surface energy. The glide dislo- 
cation may avoid the particle by leaving the slip plane in the vicinity 
of each particle [23] .It may also avoid the particle by Orowan mecha- 
nism[24].In this mechanism.it is assumed that the precipitate do not 
deform the matrix. They serve as the pinning points and the disloca- 
tion has to bend between the particles leaving a dislocation ring about 
each particle. In both the above cases energy must be supplied to in- 
crease the total length of dislocation line and hence yield stress of a 
crystal containing nondeforming particle is hence higher. The Orowan 
mechanism gives the stress necessary to expand a loop of dislocation 
between particles as; 

T = T, + 2U/bX (2.8) 

where r is the yield stress of the matrix and A is the spacing be- 
tween the precipitates in the slip plane. In the overaged state A in- 
creases at constant volume fraction of the precipitate and hence the 
yield stress decreases. The model thus explain^ the decrease in yield 
stress after long ageing times. 

AnseU and Lenel[25] on the other hand suggest that glide dislo- 
cations pile up against the particle until the stress concentration at 
the head of pile-up is sufficient to yield or fracture the particle. The re- 
sulting increase in flow stress is proportional to A“^/^.This model does 
not enjoy much experimental support and considerable strengthening 
may be achieved without the particles yielding or fracturing. 

A theory for hardening of metals based on the free energy consid- 
erations of a specimen in which the matrix flows uniformly w’-hile the 
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precipitate deforms elastically is developed[26]. The amount of plas- 
tic deformation inside and outside the particle is different and con- 
sequently there arises an internal stress .this is referred to as 'inter- 
nal stress effect' [27. 28]. In addition.the precipitate has different elas- 
tic moduli from those of the matrix which will give rise to additional 
stress fields. The stress state of matrix is thus different from that of 
uniformly deforming materials without the particles. This is thought 
- ; to be the cause of hardening by non deforming particles. The hard- 
ening rate is predicted to be proportional to the volume fraction but 
;; independent of particle size. 


Work Hardening with Precipitation Hardened Alloys 

The strain hardening rate in alloys with precipitates is dictated by the 
interaction dislocation with particles of given and distribution. The 
controlling factors seems to be whether the particles are sheared or 
^ are avoided. The hardening rate when the dislocations cut th rogh the 
precipitates, as in the case with small closely spac^ed coherent parti- 
cles, is coma^able with that of pure metal[7, 9.29, 30]. This is due to the 
fact |there is no increase in the length of the moving dislocation subse- 

V' hd.t ! . 

quent to cutting. However, the alloy crystals may have a slight^ higher 
^ work-hardening rate than metals with no precipitate? because of two 
main factors: (l)the SFE of the precipitate is usually lower than in 
the matrix [16] thereby making cross slip difficult and (2) when a dis- 
location passes through the precipitate an interface dislocation may 
be left behind;the stress field of this dislocation opposes the motion 
of the glide dislocation on the same and neighbouring slip plane re- 
sulting in an increase in work hardening rate. Hence soft precipitate 
particles through which dislocation can pass result in a work hard- 
ening behaviour similar to pure metal with only slightly higher work 
hardening rates. 

The work hardening rate in alloys ccontaining nondeformable parti- 
cles is much more rapid[7, 29,30] .The moving dislocation bypasses such 
hard particles leaving a dislocation loop around the particle. There is 
then an increase in the total dislocation length per unit volume of the 
crystal.Fisher,Hart and Pry[31] proposed that accumulation of dislo- 
cation loops around particles gives rise to a bac k stej/ss^. which requires 

1 <\ 
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the application of higher stress to force the glide dislocations between 
particles. 


Thermally Activated Plastic Flow in Alloys with Precipitates 

The how stress of metals with small precipitate particles is a function 
of temperature. as in case vdth pure metals and single-phase materi- 
alJ.so that the shear strain rate.' .may be expressed as: 


7 = Pexp[-if(r)/A:r] 

The stress dependence of H can be deduced as[32]: 

R kT o 


i 


(2.9) 


/) 7 ( 2 . 10 ) 


where Ho is a stress-dependent activation energy.? =NAbi/ .N= the 
number of points per unit volume at which dislocations are held up at 


successful fluctuation,!.' = the frequencyof vibrations of the dislocation 


|k=Boltzmann's constant, T=temperature in absolute scale. 

2.4 Precipitation -Hardening Stainless Steels 


/ 


As a result of research on controlled transformation stainless steels.a 
ne'w group of stainless steels with precipitation hardening characteris- 
tics w'ere developed. In 1948 the first of these group 17-7PH w'as made 
available. These steels are usually solution annealed in the mill and 
supplied in that condition. After forming they are aged to attain the 
increase in hardness and strength.Low nickel content in these stainless 
steels reduces the stability of austenite. Copper and aluminium tend 
to form coherent alloy precipitates.Typical combinations of various 
types of stainless steels are given in Table 2.1. 

The 17-4PH alloy is solution treated at llOO^C followed by air 
cooling with the resultant transformation of austenite to marten- 
site.Ageing is carried out by reheating in the temperature range of 
450 - 600°C to cause precipitation hardening. The 17-4PH steel is not 
used in appHcation in solution treated condition because of its low 
ductihty and poor resistance to stress corrosion cracking. 


22 



Alloys 

c 

Mn 

Si 

Cr 

Ni 

Mo 

Cu 

A1 1 

17-4PH 








i 

(a) 

0.04 

0.5 

0.2 

16.5 

3.5 

3.5 

— 

- 

(b) 

0.10 

0.5 

0.2 

; 17.0 

4.0 

2.0 

1 

1 

j 

17-7PH 

0.07 

0.5 

0.2 

17.0 

7.0 


— 

1 1.1 

* 

15-7PH 

0.07 

0.5 

0.2 

15.0 

|7.0 

. 

1 2.5 

- 

[1.2 


Table 2.1: Compositions of various types of precipitation hardened stainless steels 


The 17-7PH and PH 15-7 Mo alloys are solutioned- annealed at 
^ 1100°C followed by air cooling.^ITJ^y^This treatment produces a struc- 
ture of austenite with about 5 to 20 percent delta ferrite. 

Research papers show that four different heat-treatments were em- 
ployed on 17-4PH stainless steel. They can be classified as[33]- 


1. H 900‘^F 

2. H 1025^F 

3. H 1075^F 

4. H 1150°F ^ 

1. H 900°F;jHeat treatment schedule is as given belov4 solution 
treated arllOO^c > air cooling > reheating to 900% (482°C) 

2. H 1025‘^F: solution treated at 1100°C -- > air cooling > reheat- 
ing to 1025°F (552*^0) 

3. H 1075°F: solution treated at llOO'^C - >air cooling > reheat- 
ing to 107o°F (580°C) 

4. H 1150'’F: solution treated at llOO^’C > air cooling ^ reheat- 
ing to 1150°F (621°C) 


Mechanical properties of this steel due to heat treatment is given 
in Table 2.2. 

Several hardening sequences are prescribed for 17- / PH and^PH 
15-7 Mo.In TH sequence, the austenite is conditioned ^ b>^ re- 

heating to 760°C which-.wjli^ produces precipitation of chromium 
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GRADE 

CONDITION i 

TENSILE i 

0.2% YIELD 

REDUCTION 



STRENGTH ' 

STRENGTH 

OF AREA 



PSI 

PSI 1 

% 

17-4PH 

annealed 

150,000 i 

‘ 110.000 

45 


H900°F 

200.000 

178,000 

48 


H1025°F 

170,000 

165,000 

56 


H1150°F 

145,000 

' 125,000 

60 


H1075°F 

! 165.000 

, 150,000 ! 

58 

17-7PH 

annealed 

1 130.000 

' 40,000 

- 


TH1050°F 

200.000 

1 185,000 

- 


RH950°F 

235.000 

220.000 

- 


CH950'^F 

265.000 

260,000 

- 

PH15-7MO 

annealed 

130.000 

55,000 

- 


TH1050°F 

210,000 

200.000 

- 


RH950"F 

240.000 

225.000 

! 

1 


Table 2.2: Mechanical properties of various types of precipitation hardened stainless 
steels depending upon thermomechanical treatment ^ ) ^ 

carbides. Precipitation reduces chroniium and carbon contents of the 
austenite and allows transformation on cooling. Cooling is continued 
to below 16°C but above 0°C in order to obtain the amount of marten- 
site necessary for the strength level desired.Ageing is usually carried 
out at for the best combination of strength and ductility. The 

TH sequence gives better ductility but lower strength than other se- 
quences. In RH sequence the austenite is conditioned at 954°C. This 
higher temperature results in more carbon in solution in the austenite 
therefore a lower Mg temperature. The transformation to martensite is 
obtained by a subzero treatment at - 74°C with subsequent ageing at 
510°C.The 17-7 PH steel may be supplied in the cold rolled condition 
which helps in transformation and heat treatment reduces to a single 
ageing at 5 10°C. Although strength is greatly increased^ kui ductility 
and formabihty is reduced [33]. 
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2.4.1 The Tempering of 17-4 PH Steel 

In principle, the changes in structure during tempering are similar to 
the 12% Cr steel.The retarded softening is associated with the for- 
mation of a fine precipitate M2X which coarsens as the tempering 
progresses but does not appear to forms plates or needles during over- 
ageing. The rapid softening at temperatures of 500 - 550°C is presumed 
to be the result of loss of coherency and the formation of M23C6 at 
grain boundaries. 

Further softening takes place as the M23C6 grows with increased 
time or higher tempering temperatures until interrupted by re - austen- 
itization. 

The M2X phase is hexagonal and in this steel has been identifi.ed.lt 
is possible that it forms as a transitional phase to CryCs with perhaps 
a deficiency of Cr.but owing to the rapid formation of -\l23C6 never 
changes to CryCs [34]. 

2.4.2 The Formation of Alloy Carbides During Secondary 
Hardening 

Very early in the secondary process alloy carbides are formed as 
cloud like mass of particles. These alloy carbides are of a very fine 
size. Such a precipitate causes hardening by coherency straining of the 
lattice. These coherent precipitates are closely analogous to G.P. zones 
observed in precipitation hardening aluminium -base alloys .which are 
of a similar size. 

Overageing starts at grain boundaries and is followed by the forma- 
tion of larger plates or needles from the fine dense precipitate which 
causesJ^$!,.Ioss of coherency.Eventually these dissolve in the presence 
of afmore thermodynamically highly alloyed carbides that form later 
in theTempering processTThis loss of dispersion hardening results in 
a further decrease in hardness [34]. 

2.5 Application of 17-4PH Stainless Steels 

17-4PH stainless steels are used in the design of aircraft and mis- 
siles.The unique feature of high strength/ weight ratio is obtained by 
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honeycomb structure. Cores for these structures are made by bond- 
ing formed strips together to make square or hexagonal configura- 
tion. These shapes are brazed together. 

The brazing mixtures should have the following qualities: 

1. Good thermal conductivity. 

2. Resistance to thermal shock in all sizes. 

3. Ability to hold flatness or contours. 

^ Brazing is done in heliun^r argon atmosphere. Brazing mixture 
consists of 85% Ag and 15% Mn [35]. 


2.6 Fe-Cr-Ni Phase Diagram 


The Fe-Cr-Ni diagram is shown in Fig2.6.This model does not give 
details of composition and temperature[36],and is not drawn exactly 
to scale. The range of stability of the 6 -phase extends in the form 
of a tunnel closed at one end and with thick walls. The open end of 
this tunnel lies on the iron-chromium boundary of the ternary dia- 
gram, the other end being closed where the a + 7 fields meets the 
pure 6 area.The inner tunnel is at a single phase zone, but be- 
^,.,>comes duplex (7' + 5 ) where it entersQ;Ja' -k 6 region. The walls of the 
tunnel have at first a duplex 6 -f 7 structure. Later the walls consist 
of triangular areas of a -f 7 -1- 6 , the thickness of these walls tending 
to di mmish both the ’’open" and ’’closed” ends of the tunnels. 

Stable phases at room temperature in steels containing Cr and Ni 
can also be determined from well known Schaeffler diagram modified 
,by Schneider (Fig-2.7) [37]. The chromium and Nickel equivalents are ; 


Chromium equivalent = (Cr) -f- 2(Si) -1- 1.5(Mo) -1- 5(V) -f 5.5(A1) 
+ 1.75(Nb) -f 1.5(Ti) -j- 0. 75 (W)^ Nickel equivalent = (Ni) + (Co) -f 
0.5(Mn) 4- 0.3(Cu) + 25(N) H- 30(C) where the brackets indicate the 
weight percent of the alloying element. 
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CliaOver 3 


EXPERIMENTAL PROCEDURE 


3.1 Materials and their preparation 

A steel block of Z-174 precipitation hardened stainless steel supplied 
by MISHRA DHATU NIGAM LIMITED. Hyderabad was used as the 
starting material for the present research work. The composition of 
this steel as mentioned by MIDHANI are given in Table-3.1. 

The block was of initial dimentions 26Cm X lOCm X 2Cm. From 
it smaU pieces of dimentions 15mm X 15mm X 10mm were cut and 
used for this study. 

3.2 Processing Details and Parameters 

3.2.1 Austenitizing 

It is reported in the literature that austenitizing temperature for this 
type of steel ranges from 1050-1 100°C and the precipitation occurs at 
the temperature range of 450-600°C. The full ageing time is reported 
as 18 hour and this is used in the present study.All the samples were 
austenitized at 1080°C for 1 hour in this work. 

C Mn Si Cr Ni Cb Cu 
0.04 ' 0.4 , 0.5 16.5 4.25 ' 0.25 3.60 

Table 3.1: Composition of the steel as specified by MIDHANI 
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3.2.2 Thermomechanical Processing 

To study the effect of prior deformatioii on ageing two tempera- 
tures were selected(1080°C and 300°C) and after austenitizing and 
air cooling the samples were rolled at these temperatures and three 
percentage deformation and 70% were given. High temper- 

ature rollings were done by giving 10% deformation in each pass to 
reduce the sample thickness to the desired thickness. Low temperature 
rollings were done by giving 5% deformation in each pass. Then the 
jsj samples were aged at two different temperatures (580°C and 480°c), 
To study the effect of deformation on the precipitated particles. the 
samples after austenitizing and air cooling w'ere aged at 580°C and 
480'^C and then rolled 30%. 50% and 70% to those temperatures by 
giving 5% deformation in each pass.All the thermomechanical treat- 
ments are showm in Fig 3.1.Details are given in Table-3.13. 

Effect of natural ageing in this steel has been studied after roUing 
40% and 70% at high temperatures(1080°C and 900 °C).air colhng and 
then allowdng sufficient time for the samples to be naturally aged. 

The austenitizing and preheating for hot rolling of specimens was 
done in a horizontal mujffle furnace .The furnace w’as having a constant 
temperature zone of about 15-20 Cm in length and was heated by 
carbide rods. Muffle of the furnace consisted of an inconel tube. 750 
mm long and of 100 mm internal diameter.and was closed from one 
end. The furnace w'as mounted on wheels and a had a protrusion which 
could be brought up to the nip of the rolls. 

Hot rolling w'as done on a tw^o high rolling mill which had 135 mm 
diameter rolls. Speed of rotation for hot rolling mill was kept as 55 
rpm in all the experiments. For austenitizing, ageing or heating prior 
to rolling samples were placed on a tray and then pushed cajefully 
into the constant temperature zone of the furnace and heated for the 
desired time. 
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' SAMPLE 

* A 

j 

' B 

r c 

i 

' C4 

D 

' Q 

i 

P 


THERMOMECHANICAL 

TREATMENT 

GIVEN 

Soaked for Ih at 1080°C,air 
cooled, aged for 181i at 580°C 
and then 30%(A1),50%(A2) and 

70%(A3) rolled. ; 

,,i V- - -"'“it.,-, i 

1 

Soaked for Ih at 1080°C,30% 
(BT;.50%(B2)and 70% rolled at 
that temperature. air cooled and aged i 
for 18h at 480‘’C i 

Soaked for Ih at 1080°C,30% ! 

(Cl).50%(C2)and 70% rolled at 
that temperature.air cooled and aged ' 
for 18h at 580°C 

Soaked at 1080°C for Ih.air 
cooled and aged at 580°C for 

18h ‘ 

Soaked at 1080°C for Ih.air 
cooled, 30% (D2)and 50% i 

(Dl)rolled at 300°C and then 
aged at 300°C 
Soaked at lOSO'^C for lh,air 
cooled, aged at 480°C for 18h 
and 30%(Q1).50%(Q2) and 70% 
rolled at 480°C 
Soaked at 1080°C for Ih, 
40%(P1) and 70%(P3) roUed 
at that temperature and then 
naturally aged 


Table 3.2: Details of tbermomechanical treatments given and sample designation 


30 


Soaked 

Soaked for 1h 



TM.T.-I 


So a k e cJ 
•for 1 h 





T.M.T -2 



Figure 3.1; Thermomechanical processing scherlule.s 


3.3 Charixcterisation Techniques 

3.3.1 Electron Probe Microanalysis 

Since these types of steels are of non-standard grades and a range of 
composition for different elements were given in literature. so.EPMA 
was done to know the exact composition of the steel used.EPMA was 
done in a JXA-8600 electron probe microanalyser at four arbitrary 
points. 

3.3.2 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) was carried out using a JEOL 
( JSM-840A) for all the samples. The samples were cut into small pieces 
and mounted separately within cold setting resin for scanning electron 
mi croscop}'. After mounting.these samples were subjected to conven- 
tional metallographic grinding, polishing and then etching by Fryh 
reagent [CuCl2=5g,HCl=40ml, H2O30ml, Methyl Alcohol=25ml] .Photograph, 
were taken at different magnifications from different regions of etched 
surface by using secondary mode or back scattering mode. 

3.3.3 X-Ray Diffraction 

X-Ray analysis was done by using “SEIFERT ISO DEBYFLEX 2002” 
X-Ray diffractometer. The samples were analysed using CuK^radia- 
tion.source speed as 3°/min or 0.3°/min, charge speed as 0.6 cm/min 
and cpm as 2K or 5K. Peaks for possible precipitates were identified 
for analysis. 

3.3.4 Hardness Measurement 

Micro-hardness for all the samples were measured by using a micro- 
hardness tester of the model Leitz Microhardness Tester (Miniload- 
2). The dimensions of the indentations were measured and the hard- 
ness were determined from the standard chart. 
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Chapter 4 

RESULTS AND DISCUSSIONS 


It has been shown in the hterature review that the austenitizing tem- 
perature for this type of steel ranges from 1050-1 100°C. It is also 
reported that the temperature at which precipitation occurs lies be- 
tween 450-600^^0 . In the present study the austenitizing temperature 
was kept as 1080°C.The effect of prior deformation on precipitation 
and the effect of deformation on the precipitated particle has been 
studied. Effect of natural ageing on the prior deformed sample has 
also been studied .All the samples were aged for 18 hour of steel. 

As mentioned earlier.the chemical composition of precipitates and 
condition of their formation in 17-4PH steel have not been properly 
investigated.lt is reported in some literature that precipitate may be 
of chromium and carbon[34] or may be of copper and nickel [33] .From 
chromium carbon phase diagram it can be concluded that chromium 
carbides may be of the following types-l.Cr 2 C 2.Cr3C2 3.Cr7C3 4.Cr23C6 
and one complex precipitate of the type 5.(Cr.Fe)7C3 . Similarly bi- 
nary copper-nickel phase diagram shows complete solid solution over 
the whole range of compositions with no intermetaUic compound for- 
mation in Cu-Ni system. Precipitate composition of copper and nickel 
is not mentioned in the literature. Due to presence of other alloying 
elements copper and nickel may give intermetalhc phase. 
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4.1 Chemical Composition of the as Received Ma- 
terial 

EPMA is carried out at four arbitrary points in the as received sample 
keeping carbon, manganese and niobium percentage fixed since their 
. standards are not available. 

From the EPMA result the average composition of the steel is ob- 
tained as- 

Cr=15.460 - 15.949%, Ni=:3.627 - 3.869%, Cu=2.64 -3.14%. Si=0.499 
- 0.538%, C=0.04%, Mn=0.4%, Xb=0.25%, Fe=Balance. All the 
above percentages are given in weight percentages. 

4.2 X-Ray Diffraction 

As mentioned previously, various chromium carbides belonging to Cr- 
C system namely Cr 2 C,Cr 3 C 2 ,Cr 7 C 3 ,Cr 23 C 6 and a complex carbide 
belonging to Fe-Cr-C system namely (Cr,Fe) 7 C 3 may form in the 17- 
4PH stainless steels. However. their precipitation is likely to be influ- 
enced by the conditions existing in the alloy which are favourable to 
their nucleation and growth. Those conditions in turn. are likely to be 
effected by the processing schedules which influences sub- structures 
details of the microstructures. The occurrence of precipitation of^the- 
se/ carbides and/or intermetallic compound was studied by analysing 
differently processed alloy samples using X-ray diffraction method. 

The standard X-ray diffraction data obtained from JCPD files has 
been summarized in table-4.1. The presence of a given precipitate in 
a sample was confirmed by analysing the data obtained from it and 
comparing with the standard data.These results are given below. 

4.2.1 Analysis From X-Ray Data of the Sample A1 J 

Thermomechanical treatment of the sample; Soaking for Ih at 1080°C 
coohng >Ageing for 18h at 580°C > 30% rolling at 580°C. 

X-Ray chart for this sample is showm in the Fig.4.1. 

From the X-Ray chart it is clear that precipitate phases are- l.Cus.sNi 
2.Cr2C 3.Cr3C2 4.Cr7C3 5.Cr23C6 



Phase 

20 

■ Plane 

! 

1 

in" 


i 

44 

15 1 

Cr-Cs , 

42 

112 

i 

39 

15 0 


28 

0 0 2 

CrsC 

52 

1 1 2 


48 

110 


39 

,12 1 

CrgCs 

40 

2 3 0 


48 

2 2 1 


44 

'511 

CrssCe 

41 

4 2 2 


37 

4 2 0 


46 

15 1 

(Fe,Cr)7C3 

43 

: 1 1 2 


41 

15 0 


44 

111 

Cus.gNi 

51 

2 0 0 


91 

3 1 1 


Table 4.1: Standard X-ray data for possible precipitates 
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Figure 4.1: X-Ray chart for the sample A1 
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Different 

Height of 100% j 

: 


phases 

intensity of different | 

Imai/lp/iase 


present 

phases (cm) | 



Cu3.8Ni 

0.25 ^ 1 

0.057 


Cr2C 

4.17 

1 1.0 


Cr7C3 

3.65 

0.875 


Cr3C2 

3.73 

0.895 


Cr23C6 

2.26 

0.543 



Table 4.2; X-Ray Analysis Table For Sample .A.! 


Ratios of lieight of the 100% inteiisity of different precipitate phases 
with respect to 100% intensity of the maximum precipitated phase are 
given in table-4.2. 

4.2.2 Analysis from X-Ray Data of the sample A3 

Thermomechanical treatment of the sample: Soaking for Ih at 1080°C 
> Air cooling > Ageing for 18h at 580°C - > 70% rolling at 580°C 

X-Ray chart for this sample is shown in the Fig.4.2. 

From the X-Ray chart it is clear that precipitate phases are- l.Cus.sNi 

2.Cr2C 3.Cr3C2 4.Cr7C3 5.Cr23C6 

Ratios of height of the 100% intensity of different precipitate phases 
with respect to 100% intensity of the maximum precipitated phase are 
given in table-4.3. 

4.2.3 Analysis from X-Ray Data of the sample Cl 

Thermomechanical treatment of the sample: Soaking at lOSO^’C for 
Ih >70% rolling at 1080^0 >Air cooling > Ageing for 18h at 

580"C 

X-Ray chart for this sample is shown in Fig.4.3. 

From X-Ray chart it is clear that precipitate phases are- l.Cus.sNi ^ 
2.Cr2C S.CrsCa 4.CrTC3 S.CrasCe Here Cus^sNi is the maximum pre-^ 
cipitating phase. 
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Figure 4.2: X-Ray chart for the sample A3 
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Figure 4.3: X-Ray chart for the sample Cl 
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Different 

Height of 100% 


phases 

intensity of different 

^max/^phase j 

present 

phases (cm) 

i 

Cus.gNi 

1.0 

0.165 

C 12 C 

4.17 

0.690 

CrjCs 

2.17 

j 0.359 

CrsCs 

6.04 

1.0 

Cr23C6 

1.25 

0.207 

Table 4.3: 

X-Ray Analysis Table For Sample A3 


Different 

Height of 100% 

1 

f 

phases 

intensity of different 

Imax/Ip/iase | 

present 

phases(cm) 

1 

: 

Cu3.8Ni 

9.5 

1.0 

CrsC 

2.5 

0.263 

Cr7C3 

3.26 

0.343 

Cr3C2 

2.67 

0.278 

Cr23C6 

4.58 

; 0.482 

Table 4.4: 

X-Ray Analysis Table For Sample Cl 


Ratios of height of the 100% intensity of different precipitate phases 
with respect to maximum precipitated phases are given in table-4.4. 

4.2.4 Analysis from X-Ray Data of the sample C3 

Thermomechanical treatment of the sample: Soaking at lOSO'^C for 
Ih ■ >30% rolling at 1080°C >Air cooling >Ageing for 18h at 
580°C 

X-Ray chart for this sample is shown in Fig.4.4. 

From X-Ray chart it is clear that precipitates are of the following 

tjT^es- 1. Cus.sNi 2. Cr2C 3. Cr3C2 4. CryCs 

Height of the 100% intensity of the different precipitating phases 
with respect to height of 100% intensity of the maximum precipitating 
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Figure 4.4: X-Ray chart for the sample C3 
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Different 

Height of 100% 


phases 

intensity of different 

Imax/lp/iase 

present 

phases 


Cus.sNi 

0.85 ^ 

1 0.391 

Cr2C 

2.16 

1 0.995 

Cr7C3 

2.17 

j 1.0 

Cr3C2 

1.67 

j 0.769 

Table 4.5 

i; X-E.ay Analysis Table For Sample C3 


phase are given in table-4. 5. 

4.2.5 Analysis from X-Ray Data of the sample PI 

Tliermomechanical treatment of the sample; Soaking at 1080°C for 
Ih >40% rolled at temperature 1080°C >Xatural ageing 
X-Ray chart for this sample is shown in Fig.4.5. 

From X-Ray chart it is clear that natural ageing is very slow in this 
type of steel even after giving a high percentage deformation which is ^ 
also very clear from the SEM microstructure of this sample. ( 

4.2.6 Analysis from X-Ray Data of the sample D1 

Thermomechanical treatment of this sample; Soaking at 1080° C for Ih 
- > Air cooling >50% deformation at temperature 300° C - >Agemg 

at temperature 300°C for 18h 

X-Ray chart for this sample is shown in Fig.4.6-4.10. It is showing 
that ageing at low temperature gives complex carbide of the form 
(Cr.Fe)7C3 .But no other precipitate can form at that temperature. 

From all the X-Ray charts and the tables of 100% intensity of 
the different precipitating phases with respect to lQ0th^.,Cr2C is 
the phase which is precipitated first and it gradually transforms into - ^ 
Cr3C2.Cr7C3 and Cr23C6.But Cr23C6 can only be precipitated out^ ■ 
highly deformed samples.More and more Cus.gNi is precipitated out 
as the percentage deformation increases at high temperature su^ as 
1080°C.But the effect of deformation on precipitation of Cus.s* i is 
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Phases 

fmax/Ip/iase 

Imai/Ip/iase 

present 

For 30% Rolling 

For 70% Rollin; 

Cr2C 

0.995^ 

0.263 

CrsCs 

0.769 

0.278 

CryCg 

0.343 

1.0 

^^23^6 

0.482 

0 

Cus.gNi 

' 0.391 ‘ 

1.0 


Table 4.6: Comparison Of Various X-Ray Analysis Results 


more intense at that high temperature than on precipitation of Cr 2 . 3 C 6 
.These points are clear from the table-4.6. 


4.3 Analysis of the SEM Microstructures 



Microstructure of the as received sample is shown in The 

microstructure shows the precipitate particles in martensitic matrix. 

Microstructures for the samples which are rolled at high temper- 
ature prior to ageing at 580"C are slmwn in hg 4.14-4 .18. From the 
microstructure of the sample which^is 7D'%"foIIed it is clearThat some 
precipitate particles are very s^aUfCu and Ni gives coherent precipi- 
tates of the type Cus.sNi which are v ejy small in size.From microstruc- 
tures it is also clear that as the percentage deformation increases more 
and more small particles are formed which is also supported by X-Ra\ 
analysis.lt is also clear from the microstructures that as the percent- 
age deformation increases more and more precipitates get distributed 
throughout the volume.More deformation produces more strain hard- 
ened sites which act as nucleation sites for precipitation. Microcracks 


are also present in the structures. 

It is deal from the microstructures of the sample aged at ^ 

tures 580C and 480‘’C which are shown m fig 4.12-4.26 that at 480 C 
diffraction of the precipitates is very low because precrp.tauon 
of chromium carbides are favoured by high temperature. 

Microstructure of the My aged sample without any deformation 

is shown in fig 4.19. 
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Figure 4.11: Microstructure of the as received sample 



Figure 4.12: Microstructure of the sample which is 50% rolled at 1080°C and aged at 
480°C 
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Figure' 4.13: Microstructure of the sample which is 70% rolled at 1080°C and aged at 

.ISO'X’ 



Figure 4.14: Microstructure of the sample which is 70% rolled at 1080°C and aged at 
580°C 


47 



Figure 4.15: Microstructure of the sample which is 30% rolled at 10S0°C and a<red at 
OSO^'C! ® 



Figure 4.16: Microstructure of the sample which is 50 % rolled at 1080°C and aged at 
580“C 


48 



C2 - 

1175 IMU X5,0e9 IKI HD15 


* ' > tfa if 


Figure' ■i.l7: Microstructure of the sample which is 50% rolled at 1080°C and aged at 
')80'''C 


Figure 4.18: Microstructure of the sample which is 70% rolled 


Figure 4.19: Microstructure of the sample which is aged at 580°C 



Figure 4.20; Microstructure of the sample which is aged and rolled to 30% at 580°C 
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’m 








iIKU X15,00( 


''igurc 'l/il; Microstructure of the sample which is aged and rolled to 50% at SSO'^C 





'igure 4.22; 


Microstructure of the sample which is aged and rolled to 70% at 580 C 


CENTR^^L t BRARlr 



'l.'ili; Microstructurc of the sample which is aged and rolled to 30% at 4S0°C 



Figure 4.24: Microstructure of the sample which is aged and rolled to o0% at 480°C 
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:M,t,!;urc A.'l’y. Microstructure of the sample which is aged and rolled to 70% at 480°C 



h'igure 4.2(5: Microstructure of the sample which is 40% rolled at 1080°C and naturally 
aged 
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isurr Microstructure of the sample which is rolled to 50% and aged at 300°C 



igurr 4.28: Microstructure of the sample which is rolled to 30% and aged at 300°C 


th. sample to which maximum deformation is^n Fmm tf 
<TostriK-t,ires of the sample which are rolled after aged^TsOT ir‘ 
clear that longer cracks are formed as the percental 

The luicrostructiires of the samples which me” nSiiV-^ff" -^ . 
rolled at high tmnpcrature is shown in fig. 4.26.It shows thL nmurl^ 
ageing occurs M very small extent in this steel even after gwiL a h Z 
pementage tleformation which is also clear from X-Rav chl^^ ® 
Th,. inicrostructures of the sample which are aged after rollJi^l 

r ,0:; c 


f 




4*4 


c. 

Results Obtained from Hardness Measure- 
ment 


'I 


Ivroin tli(' inicro-hanliicSsS data it is clear that as the temperature of 
a,i>('inp, incr('a,s('s.liardiiess value increases.With increasing percentage 
<l<'ionna.t.i()n hardness values also increases.With highest percentage 
(h'lormat.ion i.o. 70% and high temperature(580°C)ageing it gives 
iiitixiniuiu liaidiH'Hs(Fig. 4.^0 and 4.3^Maximum 
^ harcliK'ss is obtained in that conditira because of the presence of 
Cbi.isNi iiitcu-inetallic phase.Even 30% rolling at 1080°C gives high 
liardiK'ss valiK' compared to values obtained from samples treated in 
(lifioirnt conditions due to presence of this intermetalhc phase.The 
saiiiph's rolh'd and aged at 300"C give high hardness due to presence 
of t he (■oiu])l('x carbides of the type (Cr.Fe) 7 C 3 .All these results are 
ch'ar iroui the Fig. 4.30-4.31 The curves dp.l,pd.l represent 30% 
rolh'd sa.iiil('s.Tlie curves dp.2,pd.2 represent 50%: rolled samples. The 


curve's d]). 3, pel. 3 represent 70% rolled samples. The hardness values 
eihia-ine'd are given in tables-4.7 and 4.8. 

Clrystal structures of the precipitates are of the following types- 

1. (Cr,F( 07 C 3 ^Hexagonal. a=13.98,c=4.523 

2. Cua.aNi -4 Cubic. a=3.595 
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'IVni]). HV For 

HV for 

Hv For 

In "C 30% RoUed 

50% Rolled 

70% Rolled 

Samples 

Samples 

Samples 

1 300 G27 

673 

— 

i -180 780 

800 

880 

O 

CO 

i 

00 

894 

920 


lablc 1.7: Hardness Values For First Rolled And Then Aged Samples 


i A--(du'iprt('mp.' ’“HVIot HV for HV for 

IN "C 30% Rolled 50% Rolled 70% Rolled 
Samples Samples Samples 

707 743 

5 80 _ 772 _ 792 813 

Table -1.8: Hardness Values For First Aged And Then Rolled Samples 
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Figure 4.30: Hradness Vs. .A.geing Temperature Plot For The Samples W hich Are 
First Aged And Then Rolled 

3. Cr 2 C > orthorhombic. a~7. 0149.b=12. 153. c— 4.5320 

4. Cr 3 C 2 >Hexagonal. a=2.79,c=4.46 

5. CryCs > Orthorhombic. a=5. 5273.b=ll. 4883, c— 2.8286 

6. Cr 23 C 6 > Cubic a=10. 6599 , 1 

Since lattice parameter of Cus.gNi Ijp nearer to lengti| of c axis 
of martensite(c=3.018)it gives small cohefenTprecipirStes which are 
identified in the SEhl microstructures. Cr 2 C precipitates are also 
coherent because their ''a" value (a=2.79)matches with "a“ value of 
martensite(a— 2.847). 

Highest hardness value obtained in case of samples rolled at 1080°C 
can be explained with the help of the theory suggested by Alott and 
Nabarro[4].To give close matching across the interface between the 
martensitic matrix and Cu 3 . 8 Ni it generates regions of misfit stresses. Due 
to presence of these high strained regions it give high hardness values. 

As percentage deformation increases more and more dislocations 
are produced in the samples. Ghde dislocations pass through the pre- 
cipitate by cutting it or by-passing it. Coherent precipitates with low 
surface energy can easily be sheared.Non- coherent precipitates have 
high surface energy and cannot be easily sheared. Since most of the 
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precipitates are of different crystal structures with respect to marten- 
site^ slip planes are not continuous from martensite to precipi- 
tates. For this reason dislocation by-pass the precipitates by creating 
jogs.K it is not possible for the dislocation to cut through or by pass 
the precipitate then due to high stress particles get ^cohesi^ from 
the matrix by creating voids.Both voids and cracks are present in the 
microstructures. 





58 



Chapter 5 

CONCLUSIONS 


Results of the present study on 1T4PH stainless steel help in drawing 
the following conclusions- 

1. Precipitates are of various chromium or iron chromium carbides 
and the intermetalHc compound Cus.gNi. Though no intermetaUic 
compound is observed in binary Cu-Ni phase diagram.it appears 
that formation of these intermetalHc compound is favoured by 
presence of other elements as in case of 17-4PH. 

2. Precipitation behaviour in 17-4PH stainless steel is strongly in- 
fluenced by processing parameters. 

3. Rolling at 1080°C gives intermetalHc phase Cus.gNi. However at 
lower rolling temperature precipitation of Cug gNi is not observed. Volumss. 
fraction of Cus.gNi increases as the percentage deformation in- 
creases. 

4. Cr 2 C is the phase which is precipitated first. With progress of 
ageing it gradually transforms to CryCs and Cr 23 C 6 irrespective 
of their rolling temperature. 

5. However 0x23^6 can only b e p recipitated out at highly deformed 
samples. Effect of deformation on precipitation of Cus.gNi is more 
than on precipitation of Cr 23 C 6 . 

6. Ageing at lower temperature such as 300°C gives rise to formation 
of complex precipitates of the type (Cr.Fe) 7 C 3 .No other precipi- 
tate can form at this temperature. 
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7. Natural ageing is very slow in this type of steel even after giving 
a high percentage deformation. 

8. Hardness of the aged 17-4 PH stainless steel increases as tem- 
perature of ageing and percentage deformation increases. Highest 
hardness is obtained from the sample rolled and aged at high tem- 
perature due to the presence of the Cus.gNi interrnetalhc phase. 
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